Both AOB and NOB are chemolithotrophs, obtaining energy and reductant for growth and maintenance by oxidizing ammonia or nitrite. While a handful of NOB can obtain energy for growth from organic compounds, most NOB and all known AOB are obligate chemolithotrophs. This observation is particularly surprising because growth on ammonia or nitrite as a sole energy source is challenging. While numbers vary, AOB consume about 25 moles of ammonia per mole of carbon dioxide assimilated into cellular biomass. The situation is even more extreme for the NOB, which oxidize about 80 moles of nitrite per mole of carbon dioxide. Until recently, the AOB were considered obligate autotrophs and obligate lithotrophs. While we know that some AOB can use organic carbon sources, albeit not readily, they still appear to be obligate with regard to their need for ammonia as an energy source.
Nitrification plays a pivotal role in plant
Summary
• Despite a wealth of knowledge about nitrification, information describing ammonia-and nitrite-oxidizing bacteria remains limited-in part because relatively few microbiologists continue to work on these difficult-to-grow organisms.
• Analysis of the Nitrosomonas europaea genome could help to explain some of its metabolic peculiarities, such as its ability to degrade simple sugars without deriving metabolic energy.
• Genomic analyses may explain how ammonia-oxidizing and nitrite-oxidizing bacteria form aggregates in which they mutually benefit.
nutrition, crop production, and the treatment of sewage and wastewater. Since the late 19th century, microbiologists, environmental scientists, agriculturalists, and engineers amassed vast knowledge describing global nitrification. By contrast, information describing the physiology, biochemistry, and behavioral ecology of the AOB and NOB remains limited and parochial. Furthermore, during the second half of the 20th century, only a small number of researchers continued to study these organisms. Equally significant, most studies were carried out with only a few strains of Nitrosomonas and Nitrobacter, and they were chosen because they grow fast (by nitrifier standards) and can be maintained as stock cultures, albeit with difficulty. However, their ecological niches and behaviors in the environment are not well known.
Many microbiologists steer away from studying nitrifiers because they grow slowly, yield low numbers of cells, acidify their growth media (AOB), and are difficult to maintain, particularly as axenic working cultures. Early studies on nitrifiers were driven by a desire to identify what was unusual about their energy-generating biochemistry. Later, the mystery surrounding obligate chemolithotrophy drove microbiologists of the 1960s and 1970s to learn more about why these bacteria forsake growth on organic compounds that surround them in environments such as soil, manure, and wastewaters.
Nitrifiers continue to enjoy a mixed reputation among the scientists who study these organisms. For example, agricultural scientists have with limited success tried to identify inhibitors that could slow down the conversion of ammonia-based fertilizers to nitrate-seeking compounds that could enhance the efficiency of fertilizer use. Nitrate readily leaches from soils into ground and surface waters. Furthermore, bacteria readily convert nitrate, which is available to plants, to nitrogen gas, which dissipates and thus wastes the energy used to produce ammonia. Meanwhile, however, environmental engineers appreciate how the speed of nitrification can reduce the time that water remains resident in wastewater treatment plants.
As findings accumulate, the list of questions about the physiological ecology of nitrifiers in natural environments lengthens. For example, knowing that nitrification ceases in culture at about pH 6, how does it occur in acid soils? The ammonia-oxidizing genus Nitrosospira appear to be more numerous in soil than Nitrosomonas, according to 1978 findings by the late Ed Schmidt and Larry Belser of the University of Minnesota, St. Paul. Hence, they suggested that focusing too much attention on Nitrosomonas before understanding which nitrifiers are dominant in the environment could be unwise.
Indeed, during the past decade, investigators have described the microbial communities, phylogenetic relationships, and community dynamics of nitrifiers in water, soil, sediment, and wastewater. Nevertheless, although nitrifiers are far more genetically diverse than previously believed, the physiological variations that account for community differences and intracommunity dynamics are not understood. Considerable hope rests with genomics to provide new insights into the metabolic capabilities of nitrifiers and to spur further efforts to understand nitrification in the environment.
Genomic Analysis of Ammonia Oxidizers Challenges Long-Standing Dogmas
The genome of N. europaea contains 2.8 million base pairs, making it smaller than many other more metabolically versatile Proteobacteria such as Escherichia coli K-12 at 4.6 Mbp,
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Pseudomonas aeruginosa PAO1 at 6.3, and Rhodopseudomonas palustris CGA009 at 5.5 Mbp. The limited, autotrophic lifestyle of N. europaea is reflected in its gene profile. The genes encoding enzymes to synthesize cellular constituents such as amino acids, nucleotides, lipids, and sugars from inorganic nutrients such as ammonia, carbon dioxide, carbonate, sulfate, and phosphate are present.
In contrast, the genome does not contain genes needed for degrading most of these cellular constituents, nor are there genes to metabolize other organic substances such as polyphenols and oligosaccharides or inorganic gases such as hydrogen and carbon monoxide, all of which are plentiful in environments where N. europaea is found. While the smaller size of its genome is consistent with its limited metabolic versatility, even smaller genomes are sufficient in other organisms to support similar or even more complex lifestyles. For example, the genomes of Prochlorococcus sp, which are photoautotrophs, are about 2 Mbp.
Some of the genome of N. europaea consists of complex repetitive sequences. For example, the genes encoding ammonia monooxygenase, which catalyzes the oxidation of ammonia to hydroxylamine, and hydroxylamine oxidoreductase, which catalyzes the oxidation of hydroxylamine to nitrite, are present in multiple copies. Some 85 repetitive insertion sequences-a surprisingly high number-account for about 95 kilobase pairs of the genome.
While the genome lacks genes encoding enzymes for degrading many amino acids and sugars, some pathways for degrading simple organic compounds are present. Finding those genes led us to test whether N. europaea can grow using pyruvate and fructose as carbon sources. We learned that the cells still require ammonia for energy. This example of lithoheterotrophic growth is unusual. Typically, if an organism can use an organic compound as a carbon source, it can also extract energy from that compound. We do not understand why N. europaea obtains carbon from fructose or pyruvate but not energy from these compounds.
N. europaea and other obligate autotrophs did not appear to express all the enzyme activities needed for a complete tricarboxylic acid (TCA) cycle, according to studies from the 1960s. However, although those reports indicate that alpha-ketoglutarate dehydrogenase activity appeared to be missing, we find that the genes encoding this enzyme are present in N. europaea and are expressed. Although disrupting these genes does not affect lithoautotrophic or lithoheterotrophic growth, it does decrease the ability of the cells to survive in stationary phase. The role of alpha-ketoglutarate dehydrogenase in stationary phase is unknown.
Observing lithoheterotrophic growth raises the question of how common this property is among AOB, especially those that have not yet been analyzed in culture. Consider the difficulty in enriching for an AOB that prefers to obtain its energy and nitrogen from ammonia and its carbon from an organic compound from a mixed community containing organoheterotrophs that derive nitrogen from ammonia, and carbon and energy from organic compounds. Nonetheless, there is an analogy with phototrophic bacteria, many of which prefer photoheterotrophic growth to photoautotrophic growth.
Although N. europaea is reddish brown from hemes in cytochromes, hydroxylamine oxidoreductase, and other enzymes, its genome is curiously equipped for efficiently taking up iron from the environment. Although it carries 40 genes encoding a variety of siderophore receptors/transporters, we did not identify any genes that encode siderophore synthesis. Apparently, N. europaea relies on other members of the microbial community to synthesize the siderophores that it is equipped to handle. Meanwhile, it carries more than 100 genes-3% of its genome-associated with iron uptake, including regulatory and ABC transporter genes.
What Insights to Nitrifier Mutualism Are Provided by the Genomes?
Although many of the nitrifiers grow in a planktonic state in pure culture, AOB and NOB often form biofilms and aggregates in wastewater treatment systems (Fig. 2) . Perhaps the behaviors of the two organisms in an aggregated state differ from behaviors in pure culture or when AOB and NOB are dispersed in planktonic states. Analysis of the genome provides insights to this possibility (Fig. 3) .
NOB recruiting AOB would provide NOB with nitrite and eliminate their need to expend limited energy on chemotaxis to follow nitrite gradients from environments where oxygen is low. Indeed, those Nitrobacter species available in pure culture generally dislike low oxygen. Because nitrite can be toxic for AOB, it could benefit if NOB used that ingredient and kept its levels low, thereby alleviating the cost of synthesizing protective proteins.
We do not understand the origins or properties of the calyx encompassing nitrifer aggregates. However, if this material possesses cationbinding properties, it could scavenge ammonia from the environment, exposing NOB to higher levels of that ammonia and thus saving metabolic energy, which cells freely burn when they reductively convert nitrite to ammonia with nitrite reductase. The cells could also scavenge ammonia with glutamate dehydrogenase instead of using energy in the form of ATP when the metabolic pathway involves a combination of glutamine and glutamate synthase. All three of these enzymes are encoded in the genome of Nitrobacter winogradskyi.
How might such AOB-NOB aggregates form? Because both types of cells face similar energy constraints, are they equally represented in such aggregates? Does this process depend on genes that are not normally expressed in the planktonic state? Because ammonia contains more energy per mole than does nitrite, AOB could well "foot the bill" for synthesizing a capsule that encompasses both cell types. In any case, genome analysis shows that both organisms possess pathways for synthesizing homopolysaccharides and, in the case of Nitrobacter, 1, 3 ␤-cyclic glucans.
Nitric oxide triggers N. europaea to form biofilms. When oxygen levels are low and an electron donor such as pyruvate is present, NOB reduce nitrate to nitrite-and possibly further to nitric oxide. NOB may produce nitric oxide under conditions of high nitrate and low nitrite, thereby enabling AOB to form biofilms. If so, how are NOB cells incorporated into these biofilms, and is their overall metabolic activity changed as a result?
Many bacteria form biofilms in response to genes induced by quorum sensing molecules. However, AOB and NOB cell numbers are generally low, and rarely reach the densities that typically trigger quorum sensing responses among other bacterial species. But because cell densities in aggregates will be higher than densities in a planktonic state, possibly the genes involved in forming this aggregate do respond to quorum sensing molecules. Both N. europaea and N. winogradskyi contain at least some of the components needed for quorum sensing.
This nitrifying AOB-NOB mutualism may also attract and incorporate other, nonnitrifying bacteria. The fact that it remains difficult to bring nitrifying bacteria into pure cultures because of heterotrophic contaminants is indirect evidence that this process occurs. Perhaps autotrophic nitrifiers secrete substances that sustain heterotrophs in this nitrifying community. Moreover, these heterotrophs might, in turn, suppy the nitrifying members of the community with some of the ammonia that they need. Thus, although we think of ammonia arising directly from fertilizer, manures, and wastewater discharges, heterotrophs may generate it from organic sources of nitrogen.
Residing in aggregates next to ammonifying bacteria could provide AOB with ready access to large amounts of organic nitrogen. As indirect support of this possibility, genome analysis shows that N. winogradskyi contains genes encoding amino acid and peptide transporters. Could NOB provide AOB with ammonia from
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New Horizons
During most of the 114 years since Winogradsky first isolated N. europaea, microbiologists considered these autotrophic, aerobic eubacteria to be primarily responsible for global oxidation of ammonia. Heterotrophic ammonia oxidizers, which do not obtain their energy this way, also contribute to nitrification, but at much lower rates per unit biomass.
However, that notion changed during the past decade with discovery of "anammox," an anaerobic process for oxidizing ammonia that, coupled to reduction of nitrite, produces nitrogen gas. Anammox likely contributes significantly to the global flux of ammonia. In 2005, investigators described a Crenarchaeota, Nitrosopumilus maritime, that oxidizes ammonia to nitrite, adding an archaea to the eubacteria that support aerobic growth on ammonia. The Crenarchaeota are widely distributed in soils and other environments containing ammonia, suggesting that these organisms are major players in nitrification.
Determining the genome sequences of representative organisms that are involved in each of these processes will provide useful details into how each of them depends on oxidizing ammonia to live. Several genome sequences for ammonia-and nitrite-oxidizing eubacteria are in the pipeline and could provide insights as to why some AOB grow more efficiently when exposed to high levels of ammonia, while others tolerate only low concentrations; why specific genera of NOB dominate particular environments; and how AOB and NOB interact in aggregates and biofilms. Information from genome sequences for nitrifying bacteria is leading to discoveries in nitrification that Winogradsky could not have imagined. But he would be delighted!
